Flotation tailings are by-products of coal preparation plants, which do not only occupy cultivated land but also cause pollution. The high ash content and low calorific value of tailings limit their applications. Deashing is the precondition for the reutilization of flotation tailings. However, it is more difficult to remove ash content from flotation tailings compared with raw coal. Based on the analysis of coal properties, the flotation performance of different collectors was compared in this study. Flotation flows and the mechanism of depressants were explored. The optimized flotation conditions were as follows: pulp concentration of 100 g/L, inflation rate of 0.25 m 3 /(m 2 ·min), collector (C4) dosage of 300 g/t, frother dosage of 500 g/t, and revolving speed of 2200 rpm. The ash content of clean coal was also reduced by adding a depressant. The flotation performance was best when the amount of sodium hexametaphosphate (used as the depressant) was 4 kg/t; the recovery of clean coal was 71.88%, and the ash content was 10.64%.
Introduction
Coal is one the world's most important sources of energy [1, 2] , and its share in the global fuel and energy balance makes up 25-35% [3] . Almost 40% of the global electricity is generated using coal. In many countries, this ratio is much higher: over 94% in Poland, 92% in South Africa, 77% in China, and 76% in Australia. A large amount of tailings is produced during coal processing [4] [5] [6] . In 2007 in China, for example, the coal washing rate was 70.20% [7] , flotation feed was estimated as 30%, and tailing coal yield was estimated as 30%, representing an increase of about 180 million tons in flotation tailing. If these flotation tailings are not effectively treated, they will become one of the main pollution sources in the environment [8, 9] . Therefore, it is necessary to optimize the recycling of flotation tailings, which will not only improve economic benefits but also save resources and protect the environment [10] . Moreover, it will provide a technical guarantee for exploring the sustainable development of the coal industry.
Different methods for fine coal recovery from washery tailings have been reported in previous studies. Physical [11] , physico-chemical, and chemical [12] methods can be applied for the upgrading of coal. Additionally, froth flotation [13, 14] , oil agglomeration, flocculation [15] , and gravity separation methods [16] have been used for cleaning fine coal. Among the different methods, froth flotation is the most common method for removing ash from fine coal. However, due to changes in surface properties [17, 18] , the recovery of organic matter from flotation tailings is more difficult than that from raw coal. Factors affecting flotation performance were explored by Yaşar et al. [19] , who investigated the effects of various parameters, including solid ratio, oil dosage, agitation rate and time, slurry pH, amount of washing water, particle size, and oil type on the deashing and desulphurization process. Their results revealed that clean coal with 29.9% ash and 1.3% sulfur was obtained from tailings with an initial 54.6% ash and 3.0% sulfur. Barraza et al. [20] obtained clean coal with 45% yield, 92% combustible recovery, and 20% ash content using MIBC (methyl isobutyl carbinol) and kerosene as the frother and collector, respectively. Ren et al. [21] used a stirring mill with an 8-mm ball to grind the coal tailings, and the ground coal was classified using a 50-mm small cone angle cyclone. After the tailings classification, the overflow product of the cyclone was floated. Clean coal with 21.82% recovery and 9.63% ash content was obtained after flotation of one roughing and two cleanings. Shi [22] compared the performances of classified flotation with conventional flotation, and the findings revealed that the flotability of each particle size was improved with classified flotation. Jiang et al. [23] used a two-stage combination of fast flotation and desliming flotation to obtain a product of 7.8% ash content and 80% combustible recovery. Netten and Galvin [24] offered a novel agglomeration technology using an emulsion binder for producing valuable products from fine coal tailings. Li et al. [25] indicated that reverse flotation was an alternative method with the potential for upgrading difficult-to-float coals. Different flotation equipments were used by Li et al. [26] to investigate the flotation kinetics of an inflatable cyclonic flotation column. They observed that the flotation rate of coarse and fine coal could be obviously improved by increasing the inflation rate. The reflux flotation cell, which permits throughput rates well beyond conventional flotation standards, was used to clean the coal [27] .
Although the abovementioned studies reported promising results, only a few studies on the optimization of flotation reagents have been carried out. In the present study, the tailing samples were subjected to a flotation process to obtain a final clean product. The effects of several variables such as pulp concentration, inflation rate, kind of collectors, octanol dosages, revolving speed, flotation flow-sheets, and depressant dosages on the flotation performance were determined. More importantly, the improvement in the flotation technology of coal tailings will improve the economic value of tailings and reduce environmental pollution.
Materials and Methods

Materials
The coal sample used in this study was obtained from the flotation tailings of Zhaogu Coal Preparation Plant located in Henan province, China. Zhaogu Coal Preparation Plant began production in May 2009, and its designed production capacity was 6.0 Mt/a. A shallow slot heavy medium separator was used for primary and secondary cleaning of lump coal, and a three-product heavy media cyclone was used for the separation of fine coal. However, the normal production of the coal preparation plant was seriously affected by high ash and moisture content, low calorific value, and poor economic value. Therefore, the mineral composition of the tailings sample was analyzed by X-ray diffraction. A flotation machine (XFD 0.5 L/XFD 1.0 L, Jilin Exploration Machinery Plant, Changchun, China), an X-ray diffractometer (Quant'X Energy Dispersion, American Thermo Corporation, Waltham, Ameicia), and a scanning electron microscope (Zeiss Gemini SEM field emission type, Germany Zeiss Corporation, Oberkochen, Germany) were used in the experiments. The main flotation reagents used in the study, including collectors, frother, and depressants, are listed in Table 1 . The collectors were labeled as C1, C2, C3, and C4. Octanol was used as the frother, and sodium hexametaphosphate, sodium silicate, sodium polyphosphate, and corn starch were used as depressants, respectively. 
Experimental Methods
Roughing Test
The coal sample was first agitated in a 1.0-L flotation cell for 2 min, after which the required dosage of the collector was added. The pulp was conditioned for 2 min and then octanol was added. After 0.5 min, air was introduced, and froth samples were collected for 3 min. The foam was marked as a concentrate, and the material that remained in the tank was marked as tailings. The concentrate and tailings were separately filtered, dried, and weighed, and their yield and ash were calculated and analyzed. The roughing flotation flow is shown in Figure 1 . 
Roughing and Concentration
The coal sample was first agitated in a 1.0-L flotation cell for 2 min, after which the required dosage of the collector was added. The pulp was conditioned for 2 min, and then octanol was added. After 0.5 min, air was introduced, and froth samples were collected for 3 min. The material left in the tank was marked as tailing 1. The foam product was poured into a 0.5-L flotation cell, and the pulp volume was adjusted to 0.5 L by adding deionized water. After stirring for 2 min, air was introduced, and the froth sample was collected for 3 min. Subsequently, the foam was marked as concentrate. The product left in the tank was marked as tailing 2. Tailings 1 and 2 were mixed and used as the final tailing. The roughing and concentration flow is shown in Figure 2 . 
Roughing and Concentration Test with Addition of Depressant
The coal sample was first agitated in a 1.0-L flotation cell for 2 min, after which the required dosage of the depressant was added. The pulp was conditioned for 3 min, and the collector and frother were added and stirred for 2 min and 0.5 min, respectively. Air was introduced, and the foam sample was collected for 3 min. The product left in the tank was marked as tailing 1. Subsequently, the foam product was poured into a 0.5-L XFD flotation cell, and the pulp volume was adjusted to 0.5 L by adding deionized water. After stirring for 2 min, air was introduced, and the froth samples were collected for 3 min. The overflow foam product was marked as concentrate. The product left in the tank was marked as tailing 2. Subsequently, tailings 1 and 2 were mixed and used as the final tailing product. The flotation flow is shown in Figure 3 . 
Results
Analyses of Tailings
The X-ray diffraction results are shown in Figure 4 . As seen, the main gangue minerals of the samples were quartz and fraipontite. Quartz, however, dominated the mineral composition with characteristics such as soft texture, easy sliming, high adsorption ability, and the ability to easily pollute the clean coal [28, 29] . The size distribution of the tailings is shown in Table 2 . Based on the results presented in Table 2 , it can be seen that the ash content of each size fraction was high, and the total ash content of raw coal was 62.01%. As the particle size decreased, the ash content first decreased and then increased. The ash content of the size fraction from −300 µm to 175 µm was the lowest with a value of 32.86%. The ash content peaked at 70.11% for −75 µm, which was 31.24% higher than that of the +75 µm size fraction. This, therefore, indicated that a large amount of fine mud existed in the fine size fraction (−75 µm). However, fine mud pollutes clean coal easily during flotation through mechanical entrainment and coating [30] . Furthermore, the weight of the −75 µm size fraction accounted for 74.08% of the total. The ash content of the coal sample was high, and the size was fine and had to be purified by flotation [31] .
Effect of Pulp Concentration
Pulp concentration had a significant influence on coal flotation. Low concentration results in a decrease in the processing capacity of the flotation equipment, and an increase in reagent dosage and electricity consumption. However, high pulp concentration may improve the ash content of clean coal. The inflation rate was 0.25 m 3 /(m 2 ·min), the revolving speed was 1800 rpm, C1 was 300 g/t, and octanol was 500 g/t. The flotation result is shown in Figure 5 . It can be seen from Figure 5 that when the pulp concentration was 100 g/L, the ash content of clean coal (12.21%) was the lowest. 
Effect of Inflation Rate
The inflation rate had a great impact on flotation performance. Moreover, the pulp concentration was 100 g/L, C1 dosage was 300 g/t, and octanol dosage was 500 g/t. The effect of the inflation rate is shown in Figure 6 . As seen, the changes in the ash content with the inflation rate were contrary to the recovery. More gangue particles floated in the flotation process with the increase of inflation rate, thereby causing a contrary tendency [32] . When the inflation rate was 0.25 m 3 /(m 2 ·min), the ash content of clean coal (12.57%) was the lowest, with a recovery of 64.62%. 
Effect of Combined Collectors
Selectivity and collectivity are two important indicators of collectors. C1 and C2 are the nonpolar hydrocarbon oil collectors that are frequently used in coal preparation plants, and C3 and C4 are two new collectors. In order to improve the flotation performance of fine coal, the four collectors were combined, and their compositions are listed in Table 3 . The pulp concentration was 100 g/L, the inflation rate was 0.25 m 3 /(m 2 ·min), the frother (octanol) dosage was 500 g/t, and the total collector dosage was 300 g/t. The effect of the collectors on flotation performance is shown in Figure 7 . It can be seen that when C4 was used as the collector, the ash content of clean coal (14.03%) was the lowest, with a recovery of 68.63%. Table 3 . Flotation conditions of collector tests.
No. Collector
No. Collector   1  C1  2  C2  3  C3  4  C4  5 C3: C4 = 1:1 6 C3: C2 = 1:1 7
C4: C2 = 1:1 8 C1: C2 = 1:1 9
C3: C1 = 1:1 10 C4: C1 = 1:1 Figure 7 . Effect of collectors on flotation performance.
Scanning electron microscope (SEM) photographs of the clean coal samples (Nos. 5-10 in Table 3 ) are presented in Figure 8 . In sample 5, the coal particles and the reagent were not uniformly bound. The particle size of the coal particles was generally large, the fine mud was entrained, and the slime cover was severe. In sample 6, the coal particles and the chemical reagent were uniformly and tightly combined. Also, the coal particle size was small, the distribution was relatively uniform, the fine mud entrainment was small, and the cover was less. In sample 7, the distribution of the reagent on the surface of the coal particles was extremely uneven, and the reagents were concentrated on the surface of a small part of the coal samples. The symbiotic phenomenon of fine mud and coal particles was very serious, and the distribution of coal particles was not uniform. In sample 8, the fine mud entrainment was less, and the symbiosis between fine mud and coal particles was lighter. Sample 9 had a larger particle size and the reagent was evenly distributed on the surface of the coal particles. There was basically no fine mud cover or entrainment. In sample 10, the particle size of the coal was smaller, the reagent was distributed evenly, and some fine mud entrainment occurred. Table 3 .
Effect of Frother Dosages
The inflation rate was 0.25 m 3 /(m 2 ·min), the pulp concentration was 100 g/L, the revolving speed was 1800 rpm, and C4 dosage was 300 g/t. The effect of frother (octanol) dosages is shown in Figure 9 . As can be seen, as the frother dosage increased, the ash content and yield of clean coal first decreased and then increased. The flotation performance was best when the frother dosage was 500 g/t. The recovery and ash content of clean coal were 58.02% and 14.79%, respectively. 
Effect of Revolving Speed
The revolving speed of the impeller had an influence on the turbulence intensity of the pulp, which affected the collision probability of mineral particles and bubbles [33] . The inflation rate was 0.25 m 3 /(m 2 ·min), the pulp concentration was 100 g/L, the frother dosage was 500 g/t, and C4 dosage was 300 g/t. The effect of the revolving speed on flotation performance is shown in Figure 10 . As can be seen, as the revolving speed increased, the ash of the clean coal slowly decreased at first, and then increased rapidly thereafter; the recovery kept increasing. The higher agitation speed (energy input) improved the flotability of difficult-to-float coal particles [34, 35] . When the revolving speed was 2200 rpm, the flotation performance was best, with a recovery of 60.05% and an ash content of 14.64%. 
Roughing and Concentration with Addition of Depressants
During the flotation process, clean coal can be contaminated by entrainment or covering of fine mud, with the flotation selectivity and the quality of clean coal being affected. In order to improve the flotation performance of coal washery tailings, depressants had to be added to the flotation process. Sodium hexametaphosphate, sodium silicate, sodium polyphosphate, and corn starch were used as depressants. The flotation flow chart is shown in Section 2.2. The inflation rate was 0.25 m 3 /(m 2 ·min), the pulp concentration was 100 g/L, the revolving speed was 2200 rpm, C4 dosage was 300 g/t, and the octanol dosage was 500 g/t. The flotation conditions of depressant tests are listed in Table 4 and the results of different depressants are listed in Figure 11 . It can be seen from Figure 11 that when sodium hexametaphosphate was used as the depressant, the flotation performance was the best, with a recovery of clean coal of 75.11% and an ash content of 12.51%.
Sodium hexametaphosphate is a polyphosphate that can effectively inhibit alkaline earth metals, such as calcite and limestone. It also has good inhibition and dispersion effects on carbonaceous shale and mudstone gangue. The result of the depressant dosages is shown in Figure 12 . As can be seen, as the dosage of sodium hexametaphosphate increased, the yield and recovery of clean coal first increased and then decreased, and the ash content of clean coal first decreased and then increased. The electronegativity of the mineral surface increased after the adsorption of sodium hexametaphosphate. The electronegative minerals repelled each other, and the effect of fine mud on flotation performance was reduced. When the amount of sodium hexametaphosphate was insufficient, the depressing effect was poor, and fine mud was easily entrained in the clean coal. However, when the amount of sodium hexametaphosphate was in excess, more fine mud could be adsorbed, and the flotation performance was affected. When the amount of sodium hexametaphosphate was 4 kg/t, the flotation performance was the best, and the recovery of clean coal was 71.88%, and the ash content was 10.64%. The ash content was reduced by about 4% and the recovery of clean coal was improved compared with using no depressant. 
Conclusions
In the present work, the flotation performance of four different collectors was compared. The flotation flows were studied, and the mechanism of depressants was explored. The best flotation conditions were as follows: pulp concentration of 100 g/L, inflation rate of 0.25 m 3 /(m 2 ·min), collector (C4) dosage of 300 g/t, frother dosage of 500 g/t, and revolving speed of 2200 rpm. When the amount of sodium hexametaphosphate was 4 kg/t, the flotation performance was the best with a feed ash content of 62.01%, 71.88% recovery of clean coal, and an ash content of 10.64%. Thus, the ash content was reduced by about 4%, which was an improvement compared with using no depressant. Therefore, concentration tests and addition of depressants are an effective way to deash.
